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Cell volume, stretch, shear stressThe cystic ﬁbrosis transmembrane conductance regulator (CFTR) is a Cl− channel that is essential for electrolyte
and ﬂuid homeostasis. Preliminary evidence indicates that CFTR is a mechanosensitive channel. In lung epithelia,
CFTR is exposed to different mechanical forces such as shear stress (Ss) and membrane distention. The present
study questioned whether Ss and/or stretch inﬂuence CFTR activity (wild type, ΔF508, G551D). Human CFTR
(hCFTR) was heterologously expressed in Xenopus oocytes and the response to the mechanical stimulus and
forskolin/IBMX (FI) was measured by two-electrode voltage-clamp experiments. Ss had no inﬂuence on hCFTR
activity. Injection of an intracellular analogous solution to increase cell volume alone did not affect hCFTR activity.
However, hCFTR activitywas augmented by injection after pre-stimulationwith FI. The response to injectionwas
similar in channels carrying the common mutations ΔF508 and G551D compared to wild type hCFTR. Stretch-
inducedCFTRactivationwas further assessed inUssing chambermeasurements usingXenopus lungpreparations.
Under control conditions increased hydrostatic pressure (HP) decreased the measured ion current including ac-
tivation of a Cl− secretion thatwas unmasked by the CFTR inhibitor GlyH-101. These data demonstrate activation
of CFTR in vitro and in a native pulmonary epithelium in response to mechanical stress. Mechanosensitive regu-
lation of CFTR is highly relevant for pulmonary physiology that relies on ion transport processes facilitated by pul-
monary epithelial cells.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The cystic ﬁbrosis transmembrane conductance regulator (CFTR) is
located in the apical membrane in various epithelial tissues in the
human body, including lungs, the intestinal tract, pancreatic ducts, tes-
tes and sweat glands [1]. CFTR is not only responsible for the transport
of chloride ions but also acts as a bicarbonate anion and glutathione
channel [2,3]. Dysfunction of CFTR and, consequently, disorder of elec-
trolyte and ﬂuid homeostasis cause cystic ﬁbrosis (CF) in humans, the
most common inherited autosomal disease among Caucasians [4].
CFTR is amember of the adenosine triphosphate (ATP)-binding cassette
(ABC) transporters. CFTR is uniquely characterized within the ABC-
protein family by the regulatory domain (R domain) and the function
as an ATP-dependent Cl− channel [5]. Known regulatory mechanisms
that control the activity of CFTR in the membrane involve two complex
processes: 1) phosphorylation ofmultiple phosphorylation sites by pro-
tein kinase A (PKA) and protein kinase C (PKC)within the R domain [6],
and 2) binding and hydrolysis of ATP and adenylyl cyclase activity in-
volving the two nucleotide-binding domains [7].niversity of Otago, PO Box 913,
s).The suggestion that CFTR could be regulated bymechanical stimuli is
supported by the fact that CFTR is expressed in a variety of epithelia
throughout the human body that are permanently in motion and thus
exposed to mechanical forces. In particular lung epithelia, where CFTR
is highly expressed, are exposed to mechanical forces caused by the re-
spiratory movements during ventilation. Here, mechanical forces could
represent a crucial factor for the regulation of CFTR activity. In the lung
mechanical forces are known to inﬂuence fetal development [8,9], cell
differentiation [10,11] and ATP release [12]. Indications that the CFTR
could be involved in these mechanically-induced processes derives
from evidence that fetal lung development depends on a prenatal Cl−
secretion that is required to stretch the lung tissue [13]. Further, there
is evidence that the CFTR might be directly involved in the release of
ATP [14,15] indicating that the channel represents a route for the ATP
release observed in response to mechanical forces [12].
Experimental evidence that the CFTR could be activated bymechan-
ical forces derives fromwork in our lab demonstrating an increased Cl−
secretion in response to luminally applied hydrostatic pressure in
Xenopus lung epithelium that expresses CFTR [16] (although the Cl−
channel was not identiﬁed [17]). Clear evidence that the CFTR is
mechanosensitive was published in a more recent study showing an
increased CFTR activity in response to negative pressure in cultured
airway epithelial cells and the intestinal epithelium of mice [18].
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hence the CFTR of lung epithelia will be exposed to them. Pulmonary
CFTR will be exposed to strain (that is caused by expansion of the
chest during inspiration [10]) and shear stress (caused by the airﬂow
passing the surface of the airways [19,20]). Since there is evidence
that proper lung development and function depend on mechanical
stimuli and controlled CFTR activity, it can be hypothesized that the
CFTR is a facilitator of mechanical forces in the lung and that its
mechanosensitive regulation is required for normal lung function. Fur-
ther, it can be hypothesized that CF lung disease that is deﬁned by im-
paired CFTR function/regulation due to mutations of the protein is
associated – among others – with an impaired ability of the mutated
channels to respond to mechanical forces.
The aims of this study were to determine: (1) whether shear stress,
in addition tomembrane stretch, affects CFTR activity; (2) if the stretch-
dependent CFTR activity is impaired in common CFTR mutations
(ΔF508 and G551D) and (3) to conﬁrm mechanosensitive activation
of CFTR in native pulmonary epithelium.
2. Material and methods
2.1. Animal handling
Adult female South African clawed frogs Xenopus laevis (Xenopus-
Express, Le Bourg, France)were cooled down and killed by decapitation.
Immediately after decapitation, the spinewas pithed and ovarian tissue
and lungs were removed. Animal treatments were conducted in
accordance to the guidelines of the German law of Animal Care and
were authorized by the regional board of Giessen.
2.2. Mutagenesis of hCFTR constructs
The dsDNA pGEM-HE vector with a human CFTR (hCFTR) insert was
kindly provided by B. Schwappach (Department of Molecular Biology,
University Göttingen, Germany). The ΔF508 and G551D hCFTR were
constructed by PCR based site-direct mutagenesis (Agilent QuikChange
Lightning, Santa Clara, USA) using oligonucleotide-primers (ΔF508 for-
ward: gcaccattaaagaaaatatcatcggtgtttcctatgatgaatatag; reverse: ctata
ttcatcataggaaacaccgatgatattttctttaatggtgc; G551D forward: gaatcacact
gagtggagatcaacgagcaagaatttc; reverse: gaaattcttgctcgttgatctccactca
gtgtgattc). Themutagenesis PCRwas performedwith the Pfu DNA poly-
merase and the thermal cycling was conducted in accordance with the
protocol provided by the manufacturer. The ﬁnal PCR product was
treated with DpnI, to digest the methylated parental DNA strand. After
transformation in competent Escherichia coli (DH5α) and subsequent
plasmid preparation (5PRIME PerfectPrep Spin Mini Kit, Hilden,
Germany) the sequence at themutation sitewas conﬁrmed by sequenc-
ing (EuroﬁnsMWGOperon, Ebersberg, Germany). The pGEM-HEhCFTR
plasmid was linearized with the restriction enzyme MluI (PROMEGA,
Mannheim, Germany) and hCFTR constructs were synthesized using
the in vitro transcription kit, T7-RiboMAX™ Large Scale RNA Production
System Kit (PROMEGA).
2.3. Two-electrode voltage clamp (TEVC) recordings
Isolated and defolliculated oocytes of stages V and VI with intact vi-
telline envelop were used for TEVC recordings. For CFTR expression oo-
cytes were injected with cRNA encoding wild type, ΔF508, G551D
human CFTR (hCFTR, 12.5 ng per oocyte). ENaCwas expressed by injec-
tion of humanα, β, andγENaC cRNA (hENaC, 2.3 ng per subunit and oo-
cyte) as described previously [21]. Measurements were performed one
day (hENaC) or 2–5 days after injection (hCFTR). For recordings oocytes
were placed in a perfusion chamber and continuously perfusedwith oo-
cyte Ringer's solution (ORi) containing (in mM): 90 NaCl, 1 KCl, 2 CaCl2,
5 HEPES (4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid),
pH 7.4. Two different recording chambers were used. One of them wasused for the application of shear stress. This chamber allowed accurate
control of the perfusion rates for deﬁned shear stress applications
(more details below).
The membrane potential of the oocytes was clamped to −60 mV
(Warner Instruments, Hamden, USA) and the transmembrane current
(IM) was recorded on a strip chart recorder (Kipp & Zonen, Delft, The
Netherlands).
2.4. Increasing oocyte's volume and shear stress application
In order to increase the oocyte's cell volume aiming to stretch the
cell membrane, an intracellular analogous solution (IAS, in mM: 20
NaCl, 130 KCl, 2 Mg2Cl, 5 HEPES; pH 7.3) was injected into the oocytes.
Additional experiments used another IAS that was isoosmolar with re-
spect to ORi (in mM: 90 NaCl, 1 KCl, 2 CaCl2, 5 HEPES). Injection of IAS
occurred via a microcapillary (pulled from borosilicate glass) mounted
to a nano-injector (Drummond Scientiﬁc, Broomall, USA). The tip of
the micro capillary was inserted into the oocyte in addition to the cur-
rent and voltage electrodes required for TEVC recordings (similar as de-
scribed [22]). Deﬁned single volumes (either 55, 110 or 147 nl) of ISA
were injected during recording of the IM. In some recordings the injec-
tion capillary was inserted but no volume was injected to determine
whether the impalement of the capillary triggers events that could in-
terfere with the observed effects.
To determine the effect of injections on ENaC-expressing oocytes
the cells were kept and perfused with low Na+ Ringer's solution (con-
taining in mM: 10 NaCl, 1 KCl, 2 CaCl2, 5 HEPES, 80 N-methyl-D-
glucamine; pH 7.4). ENaC currents were induced by change of the per-
fusion to ORi. In another set of experiment ENaC–mediated currents
were determined by application of amiloride (10 μM) before and after
injection. To examine the effect of increased cell volumes on endoge-
nous conductances of oocytes, native Xenopus oocytes were perfused
with Ca2+ free solution (containing in mM: 90 NaCl, 1 KCl, 5 HEPES, 1
EGTA (ethylene glycol tetraacetic acid); pH 7.4). This strategy is be-
lieved to activate endogenous Ca2+-sensitive connexin hemichannels
[23,24].
For the application of shear stress (Ss) a custom-made ﬂow chamber
was used in combination with a pressure-controlled perfusion system
(ALA Scientiﬁc Instruments, Farmingdale, USA). The chamber has a
2.5 mm wide ﬂow channel that is 21 mm long with the oocyte being
placed in a distance of approx. 5 mm from the inlet (diameter 2 mm).
Different shear stresses were applied by controlling the perfusion rate
through the chamber. Calculation of Ss was performed as described
previously [25] to estimate approximate total shear forces (including
non-laminar and turbulent). Under control conditions (low Ss) using a
perfusion rate of 1 ml caused shear forces of approx. 0.04 dyn/cm2. In-
creasing the perfusion rate to 6 ml increased Ss to approx. 1.3 dyn/cm2.
2.5. Quantiﬁcation of oocyte's cell volume increase by injection and
capacitance measurements
In order to get a measure for changes of the oocyte's volume by the
injection of IAS a two-dimensional photo-optical analyses was per-
formed. Photos were taken with a camera attached to a dissecting mi-
croscope equipped with a scale. Photos of oocytes were taken before
and after injection (5 min post injection) and used to estimate the
animal-vegetal diameter (anterior-posterior axis) and equatorial diam-
eter to calculate a mean diameter. The mean diameter was used to cal-
culate the circumference of the oocytes. Changes observed by injection
are given as percent changes with respect to values before injection.
The cellmembrane capacitance (Cm) as ameasure for themembrane
area of oocytes was determined to reveal if intracellular injections trig-
ger insertion of membrane vesicles. Insertion of vesicles could prevent
membrane stretch as well as increase the number of CFTR channels in
the membrane. The later effect might explain the increased CFTR cur-
rents after injection. The following equation was used to calculate
Fig. 1. Forskolin/IBMX-induced hCFTR activity is increased by intracellular injection. A) In
hCFTR-expressing oocytes volume increase by injection of 147 nl had no effect on hCFTR
activity. The following forskolin (F) and IBMX (I) (5/100 μM) application increased the
transmembrane current (IM) conﬁrming the expression and activation of hCFTR. B) In
water-injected control oocytes the injection of 147nl led to a small, transient current stim-
ulation. FI application elicited no effect. C) In control experiments (injection capillary
inserted but no volume injected) the application of FI resulted in an increased IM. The sec-
ond FI application (FI2) caused a smaller effect comparedwith the ﬁrst FI application (FI1).
D) After injection (55 nl) the second hCFTR stimulation (FI2) was larger than the ﬁrst FI-
induced effect (FI1). E) Statistical analysis of the normalized FI-induced effects (FI2/FI1).
The hCFTR activity was signiﬁcantly increased in a volume-dependent manner. Experi-
ments depicted in A-D were performed by injection of an intracellular analogous solution
with 310 mosmol/l. Additional experiments injecting a solution with 188 mosmol/l
(** p b 0.01, with respect to 0 nl). Results observed with the two different IASs and
110 nl injections revealed similar effects. F) Cell membrane capacitance (Cm) of CFTR ex-
pressing oocytes and native oocytes was not affected by injection of 110 nl IAS.
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clamp conditions. Current pulses (I) of 1 μA and 150 ms duration were
applied and the observed voltage responses recorded. The time constant
τ was determined when the voltage response reached 63% of its maxi-
mal amplitude (Umax). τ values from at least four voltage deﬂections
per cell were determined. The mean value from the four deﬂections
was used to calculate Cm for each cell before and after injection.
2.6. Ussing chamber measurements
The preparation of Xenopus lungs and their use in modiﬁed Ussing
chamber (which enabled the mechanical stimulation of tissues by in-
creasing the hydrostatic pressure (HP)) were performed as previously
described [17,27]. HP was applied by increasing the ﬂuid column in
the chamber at the apical side of the tissues. Custom-made electrodes
made of Ag/AgCl wires mounted in modiﬁed 200 μl pipette tips with
1 M KCl agar bridges connected the Ussing chamber with the voltage-
clamp ampliﬁer (Warner Instruments, Spechbach, Germany). After
mounting the tissue into the chamber, the spontaneous transepithelial
voltage (VT)was determined, then clamped to 0 V and short-circuit cur-
rent (ISC) wasmonitored continuously on a strip-chart recorder (Kipp &
Zonen, Delft, The Netherlands). In addition, data were digitalised
(MacLab Interface; ADInstruments, Spechbach, Germany) and recorded
on a computer (Macintosh LC II; Apple; Cupertino, USA) via the Chart
Software (ADInstruments). To determine the epithelial integrity the
transepithelial resistance (RT) was estimated from deﬂections of the
ISC due to 5 mV voltage pulses according to Ohm's Law.
2.7. Chemicals
All chemicals were purchased from Fluka (Deisenhofen, Germany),
except HEPES, streptomycin, EGTA (Sigma-Aldrich, Taufkirchen,
Germany) and pyruvate (Applichem, Darmstadt, Germany). For
hCFTR stimulation the secretagogues forskolin (MoBiTec, Göttingen,
Germany), and 3-isobutyl-1-methylxanthine (IBMX, Sigma) were
used. GlyH-101 (Calbiochem, Darmstadt, Germany) and CFTRinh-172
(Santa Cruz Biotechnology, Heidelberg, Germany) were used as CFTR
blockers. Forskolin, IBMX, GlyH-101 and CFTRinh-172, were dissolved
in dimethylsulfoxide (DMSO; Sigma) as stock solutions. When DMSO
was used as solvent appropriate control experiments were performed
with the same amount of DMSO added to the Ringer's solution.
2.8. Statistical analysis
Data are presented as means ± SEM (standard error of the mean).
For each experimental approach oocytes from at least two different
Xenopus individuals respectively and lungs fromno less than two differ-
ent frogs were used. The number of experiments is indicated by n. The
paired t-testwas used to compare dependent values from the same oo-
cyte/lung preparation. For independent values, the unpaired t-test
was used. Statistical signiﬁcance is marked with asterisks (*: p b 0.05;
**: p b 0.01).
3. Results
3.1. Effect of increased cell volume on heterologously expressed hCFTR
Injection of an intracellular analogous solution was used to increase
the volumeof the oocyte aiming to stretch the cellmembrane. In hCFTR-
expressing oocytes the injection of 147 nl injection volumes resulted in
small, transient current increase of about 0.08 ± 0.02 μA (n= 10). The
subsequent application of forskolin (F, 5 μM) and IBMX (I, 100 μM) in-
creased IM about 2.50 ± 0.60 μA (n = 10; Fig. 1A). In water-injected
control oocytes (no hCFTR expression) the injection of 147 nl caused a
current stimulation of similarmagnitudes (0.06±0.01 μA, n=9) as ob-
served in Fig. 1A. FI application did not affect IM in water-injectedoocytes (Fig. 1B) conﬁrming that the FI-induced current observed in
Fig. 1A is due to the activation of the hCFTR.
Since injection-induced volume increase alone did not affect hCFTR-
mediated currents, experiments were repeated on hCFTR pre-
stimulated by FI. CFTR expressing oocytes were exposed consecutively
to FI (Fig. 1C). In these experiments the injection capillary was inserted
but no IAS was injected. In another approach deﬁned volumes of IAS
were injected between the ﬁrst (FI1) and the second FI (FI2) application
(Fig. 1D). Without injection the ﬁrst application of FI induced an in-
crease of the IM (FI1= 0.70±0.12 μA; n=13, Fig. 1C). Followingwash-
out the subsequent application of FI had a signiﬁcantly smaller effect
(FI2 = 0.21 ± 0.06 μA, n = 13; p b 0.01). In oocytes that were injected
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paredwith FI1 (0.75±0.19 μA, n=10; p b 0.01). For statistical compar-
ison whether or not injection affected the FI-induced currents the ﬁrst
(FI1) and second (FI2) FI application were normalized with respect to
each other (FI2/FI1). FI2/FI1 was signiﬁcantly increased by injection com-
pared with non-injected cells. The injection of 55 nl IAS increased the
oocyte circumference by approx. 2.0 ± 0.5% (n = 10; p ≤ 0.01). Addi-
tional experiments were performed using injection volumes of 110 nl
and 147 nl (Fig. 1E) to further increase the cell volume of the oocytes
and thus potentially membrane strain (increased circumference in %;
110 nl: 3.2 ± 0.6, n = 10, p ≤ 0.01; 147 nl: 3.8 ± 0.9, n = 7, p ≤ 0.01).
It was observed that the increased injection volumes resulted in a corre-
sponding increase of the normalized FI responses (Fig. 1E). To deter-
mine whether this volume increase resulted in increased cell
capacitance (Cm) due to the insertion of membrane vesicles, Cm was
measured before and after injection. In a representative experiment
Cm as a measure of cell membrane area was not signiﬁcantly affected
by injection of 110 nl IAS in CFTR expressing oocytes (Fig. 1F). This ob-
servation is in agreement with previous reports [22]. Thus, it seems
that increased cell volume does not affect themembrane area of the oo-
cytes and this is consistent with the hypothesis that the intracellular in-
jections stretch the cell membrane of the oocytes.
Since the calculated osmolarity of IASwas approx. 310mosmol/l and
hyperosmotic comparedwithORi in thebath, experimentswere repeat-
ed with IAS that was isosmotic with regards to ORi. Here the injection
with 110 nl produced similar results as observed with the correspond-
ing volume using hyperosmotic IAS (Fig. 1E).
Taken together, neither insertion of membrane nor osmotic effects
can explain the increased CFTR activity. Therefore, we propose that
the observed response to increased cell volume is caused by increased
stretch of the membrane.
CFTR expressing oocytes were additionally injected with IAS in the
presence of FI (Fig. 2). Once the FI-induced current plateaued the oo-
cytes were injected with different volumes of IAS. The injection of
55 nl caused an immediate current increase (ΔIinjec) of about 1.28 ±Fig. 2. Cell volume increase shows an immediate effect on pre-stimulated hCFTR activity.
A) After FI pre-stimulation therewas an additional current stimulation in response to vol-
ume increase (injection of 55 nl). B) Statistical analysis of the FI-induced (ΔIFI, white) and
FI + injection-induced current stimulations (ΔIFI + injec, gray). A signiﬁcant increase of
ΔIFI + injec was observed in response to higher injection volumes (# p b 0.05; ** p b 0.01
with respect toΔIFI). C, D and E) The injection-induced current in response to 110 nl injec-
tion volume (ΔI110) after FI pre-stimulation (C) was decreased by the CFTR inhibitor
CFTRinh-172 (CFTRinh, 5 μM; D and E; ** p b 0.01).0.25 μA (n = 10, Fig. 2A, B). In accordance to previous results Δ Iinjec
was higher when larger volumes were injected (Fig. 2B). It might be
noted that the FI-induced currents (ΔIFI) in these recordings did not dif-
fer from each other (white bars), whereas ΔIinjec increased signiﬁcantly
with the increased injection volumes (gray bars, Fig. 2B).
The injection-response in the presence of FI was decreased by the
CFTR blocker CFTRinh-172 (5 μM, [28]). Injection of 110 nl IAS resulted
in an obvious increase in the absence of CFTRinh-172 (Fig. 2C) but a sig-
niﬁcant smaller effect was observed in the presence of CFTRinh-172
(Fig. 2D, E).
3.2. Increased cell volume does not affect the activity of ENaC or endoge-
nous hemichannels
To further investigate whether IAS injection activates CFTR directly
or via other mechanisms (e.g. cAMP/PKA-mediated trafﬁcking and/or
channel insertion) additional experiments were performed to assess
the effect of increased cell volume on other mechanosensitive channels.
This involved examinations of expressed human ENaC and endogenous
hemichannels.
ENaC activity was determined by two different protocols. ENaC-
mediated current was determined by switching from a low Na+ Ringer
(10 mM) to a high Na+ Ringer (90 mM) for two times – imitating the
activation pattern of CFTR with FI. This was done without and with in-
jection of IAS (110 nl) between the two high Na+ applications
(Fig. 3A). Normalized current responses (Na+2/Na+1) were not differ-
ent between the injected and not injected oocytes (Fig. 3B). In a second
approach amiloride-sensitive currents (ami: amiloride, 10 μM)were de-
termined consecutive in experiments without and with injection, with
no changes of ENaC currents between non-injected and injected cells
observed (Fig. 3C). This indicates that the increased cell volume did
not affect ENaC currents. Particularly, no evidence for an increased
membrane abundance of ENaC (due to vesicle fusion) was observed.
These results are in agreement with the lack of changes of Cm in CFTR
expressing and native oocytes (Fig. 1F).
In addition, the effect of injection on endogenous ion conductances
of the oocyte was assessed targeting hemichannels that are hypothe-
sized to be activated by membrane strain [29]. Hemichannel-mediated
currents were evoked in consecutive order by the application of Ca2+
free Ringer's solution (0 Ca2+, [23]). This protocol was performed with-
out and with injection of IAS (110 nl, Fig. 3D). The normalized current
responses (Ca2+ free2/Ca2+ free1) were not signiﬁcantly different be-
tweennon-injected and injected oocytes (Fig. 3E). This indicates that in-
jection does not interfere with putative mechanosensitive endogenous
conductances of oocytes.
Overall these experiments indicate that the effects observed in
hCFTR-expressing oocytes reﬂect mechanical activation of CFTR in-
duced by increased cell volumes.
3.3. ΔF508 and G551D mutations do not interfere with the response to
injection
The most common mutation of the human CFTR protein associated
with CF is a deletion of phenylalanine at position 508 (ΔF508), leading
tomisfolding and inefﬁcient protein delivery to the cell surface [30]. An-
other frequent mutation associated with CF is a missense mutation
where glycine is replaced by an aspartic acid at position 551 (G551D).
This mutation leads to an impaired activity of membrane located CFTR
proteins and is the third most common mutation found in CF patients
[30]. We questioned if the ΔF508 and G551D mutations of the CFTR
protein might affect the response to increased cell volume compared
to wild type hCFTR. In oocytes expressing ΔF508 and G551D hCFTR a
higher concentration of IBMX (500 μM) with forskolin was used to ob-
serve CFTR-mediated currents. This was done to compensate the
lower membrane abundance of ΔF508 CFTR [31,32] and the decreased
open probability of G551D CFTR [33].
Fig. 3. Injection does not affect expressed ENaC- or endogenous hemichannel-mediated currents in oocytes. A) The perfusion of Na+ containing Ringer's solution (90 Na+) resulted in an in-
creased transmembrane current (IM) due to activation of ENaC (Na+1). After injection (110 nl) the second Na+-induced current (Na+2) was similar compared with Na+1. B) Statistical
analysis of the normalized Na+-induced effects depicted in A (Na+2/Na+1). The ENaC-mediated current was not signiﬁcantly altered by injection (110 nl; ns: not signiﬁcant).
C) Normalized amiloride-sensitive current responses (ami2/ami1) were also not affected by injection. D) Cell volume increase by 110 nl injection did not alter the consecutive response
to Ca2+ free solution (0 Ca2+) on endogenously hemichannels in native oocytes. E) Comparison of the normalized Ca2+ free effects (Ca2+2/Ca2+1) showed no signiﬁcant difference be-
tween native oocytes without (0 nl) and with (110 nl) injection to increase cell volumes.
Fig. 4. The response to increased cell volume is not affected by ΔF508 and G551D mutations. A) Oocytes expressing ΔF508 hCFTR showed an increased FI-induced current stimulation in re-
sponse to injection (110 nl). B) For statistical analysis the FI-induced effects were normalized with respect to each other (FI2/FI1). The activity of ΔF508 was signiﬁcantly increased in ex-
perimentswith 110 nl injection volume compared to control experiments (0 nl injection volume; ** p b 0.01). C) The activity of heterologous expressedG551D hCFTRwas also augmented
in response to the injection volume of 110 nl (** p b 0.01). D) InΔF508 hCFTR-expressing oocytes injectionwith 110 nl caused in immediate increase of the current (ΔIinjec) following pre-
stimulation with FI (ΔIFI). E) Summarized results as depicted in D for ΔF508 and G551D CFTR. (** p b 0.01 compared with ΔIFI).
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Fig. 5. Effect of shear stress on CFTR expressing oocytes. A) The consecutive application of
physiological relevant shear stress (S1 and S2 of 1.3 dyn/cm2) did not affect themeasured
transmembrane current. hCFTR expressionwas conﬁrmedby subsequent application of FI.
B) In control oocytes (no CFTR RNA) neither the repeated application of shear stress (S1,
S2) nor FI showed an effect on IM. C) Statistical analysis of the current changes due to
shear stress and FI application. D + E) There was no signiﬁcant difference of hCFTR cur-
rents (ΔI) in response to FI alone compared with the simultaneous application of FI with
shear stress (FI + Ss; ns: not signiﬁcant).
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the wild type hCFTR (compare Figs. 1 and 2). FI-induced currents
were evoked twice (Fig. 4A), normalized and the ratios of non-
injected and injected (110 nl) oocytes were compared. Both mutations
exhibited increased FI ratios in response to injection (Fig. 4B, C). Inter-
estingly, the FI2/FI1 ratio was similar for both mutations and similar
compared with wild type hCFTR (Fig. 1E).
The acute effect of increased cell volume (FI pre-stimulated) was
also evaluated in the mutated CFTR channels. In the presence of FI the
responses of the mutated CFTR channels to injection (Δ Iinjec) were
also similar compared with those obtained with wild type CFTR (Fig.
4D, E). Taken together, the results indicate that both mutations do not
inﬂuence the response of hCFTR induced by increased cell volumes.
3.4. Shear stress does not affect FI-induced hCFTR activity
In another approach, shear stress (Ss) was applied to investigate a
putative effect on hCFTR activity. Ss was applied by increasing the
bath perfusion rate from 1 ml/min (Ss: ~0.04 dyn/cm2) to 6 ml/min
(Ss: ~1.3 dyn/cm2). The estimated Ss is within physiological ranges
that can occur during resting tidal breathing [34]. The application of Ss
did not affect the measured IM of CFTR expressing oocytes. In these ex-
periments the subsequent application of FI conﬁrmed the expression
and activation of hCFTR (Fig. 5A, C). In water-injected control oocytes
neither Ss nor FI affected IM (Fig. 5B, C).
In another set of experiments the effect of Ss (~1.3 dyn/cm2) was
evaluated simultaneously with FI (Fig. 5D) and compared with corre-
sponding FI responses without Ss application (~0.04 dyn/cm2). Howev-
er, no signiﬁcant difference in the FI-induced current was observed
(Fig. 5E). These observations indicate that Ss did not affect the activity
of expressed hCFTR in Xenopus oocyte that is initiated by FI application.
3.5. Luminal applied hydrostatic pressure activates CFTR in pulmonary
epithelium
In order to verify a mechanical induced CFTR activation in a native
pulmonary epithelium,Ussing chambermeasurementswith freshly dis-
sected lungs of Xenopus were performed. We previously showed that
mechanical stress applied by increased apical hydrostatic pressure
(HP, 5 cm ﬂuid column) led to a decrease of the transepithelial ion cur-
rent [17,27]. This HP-induced decrease is composed of different ion con-
ductances, including increased Na+ absorption, increased apical Cl−
secretion and increased apical K+ secretion (Fig. 6A, [17]). We
questioned if the Cl− secretion is due to a mechanosensitive activation
of CFTR. Experiments with the known CFTR inhibitor GlyH-101 (GlyH,
[35]) were performed. Inhibition of CFTR and thus the Cl− secreting
component that is activated by HP is expected to shift the remaining
current towards the K+ secreting conductance that is responsible for
the reduction of the transepithelial current (Fig. 6B). HP (5 cm ﬂuid col-
umn, apical side) was ﬁrst applied under control conditions (without
GlyH), followed by a second HP application in the presence of luminal
GlyH (40 μM, Fig. 6C). Under control conditions HP caused a current de-
crease (ΔIHP_5cm) of 2.1± 0.3 μA/cm2 (n=11). After removal of HP and
equilibration of the ISC, GlyH (40 μM) was applied luminally causing a
slight current decrease (Fig. 6C). The second application of HP in pres-
ence of GlyH caused a decrease of 5.7 ± 0.9 μA/cm2 (n = 11,
Fig. 6C+D), which was signiﬁcantly augmented compared to control
(Fig. 6D). Similar effects (although larger responses) were observed
with the application of 10 cm ﬂuid column (Fig. 6D). Control experi-
ments revealed that the repeated application of HP (twice, 10 cm ﬂuid
column) resulted in similar effects (Fig. 6E). Further, HP (5 cm or
10 cm ﬂuid column) both under control conditions (no drug) and in
presence of the CFTR inhibitor GlyH did not affect the transepithelial re-
sistance (RT, data not shown), indicating that the observed effects are
due to changes of pulmonary ion transport processes and not caused
by damages of the epithelial barrier. These observations conﬁrm thatHP activates a CFTR-dependent Cl− secretion in the pulmonary
epithelium.
4. Discussion
Mechanotransduction represents the ability to detect mechanical
stimuli and to convert them into cellular signals and is an essential fea-
ture of organisms [36,37]. Suitable molecules for mechanotransduction
are ion channels and different ion channels were identiﬁed to be acti-
vated by increased membrane strain/stretch [18,27,29,38–42] and
shear stress [25,43,44]. In our present study, we questioned whether
or not mechanical forces (shear stress and increased cell volume)
might inﬂuence the activity of CFTRwhose function is crucial for several
physiological processes throughout the body and the lung in particular.
4.1. Increased cell volume activates expressed hCFTR
In this study an increased activation of the hCFTR was observed in
Xenopus oocyte in response to injection of an intracellular analogous so-
lution to increase the cell volume and potentially increase membrane
Fig. 6. Response of CFTR to increased hydrostatic pressure in Xenopus pulmonary epithelia. A) The apical application of HP (5 cm ﬂuid column) represents an overlay of different ion conduc-
tances (Na+ absorption, Cl− secretion and, K+ secretion) across the native pulmonary epitheliumof Xenopus [17]. B) Inhibition of the Cl− conductancewith the CFTR inhibitor GlyH-101 is
expected to shift the current towards the K+ secreting component and thus augmented the HP-induced current decrease. C) The HP-induced current decrease (ΔIHP) was determined in
control conditions (noGlyH) and subsequently in the presenceof theCFTR channel blockerGlyH-101 (ΔIHPGlyH; 40 μM, apical). D) For statistical analysis theΔIHP in absence (control, ctrl)
and presence of GlyHwere compared. ΔIHP was signiﬁcant higher in the presence of GlyH (** p b 0.01) independent whether 5 or 10 cm ﬂuid column were applied. E) There was no sig-
niﬁcant difference when HP (10 cm ﬂuid column) was applied twice under control conditions (without drug, ns: not signiﬁcant).
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cells that is in accordance with an increase of the cell volume. This in-
crease in cell volume did not affect Cm as a measure of the membrane
surface area indicating that the injection could cause an increase of
strain in the membrane of the oocytes. Although this explanation
seems reasonable, currently we do not have experimental evidence
for increased membrane strain in response to intracellular injection. In-
terestingly, in hCFTR-expressing oocytes injection alone had no effect
(Fig. 1A). An augmented CFTR response following injectionwas only ob-
served in conjunctionwith the application of FI. This indicates that CFTR
requires a basal activity to be responsive to increased cell volumes. Reg-
ulation of CFTR activity is complex involving multiple phosphorylation
sites [45] and a basal activity might depend on a certain level of phos-
phorylation [6] or the binding of ATP [46]. In oocytes a basal CFTR activ-
ity was initiated by the application of secretagogues to activate
endogenous cAMP/PKA signaling pathways and required to render the
channel sensitive to mechanical activation. Zhang et al. concluded that
mechanosensitive activation of CFTR is independent of soluble factorsand cytosolic factors [18]. This conclusion emerged mainly from single
channel recordings using negative pressure to stretch excised mem-
brane patches. The discrepancy regarding pre-activation between our
results and the results from Zhang and colleagues can be explained by
two assumptions: (1) CFTR in the excised patches was already phos-
phorylated (pre-stimulated) before pressure application since a basal
CFTR activity was evident in excised patches [18]. However, neither in
our study nor in the Zhang study is the phosphorylation status of CFTR
known. (2) CFTR in the excised membrane patches experiences higher
membrane stain compared with intact cell membranes. This forces
opening of the channel that does not occur under ‘normal’ conditions.
The latter assumption is supported by studies showing discrepancies
in themechanical activation behavior of channels between single chan-
nel andwhole cell recordings [22,47,48]. Seal formation for single chan-
nel recordings can change the mechanical properties of the membrane
in the patch and subject the channels to ‘non-physiological’ conditions
[48]. Nevertheless, Zhang et al. also demonstrated in agreement with
our ﬁndings a larger CFTR activation by negative pressure with a
2949C. Vitzthum et al. / Biochimica et Biophysica Acta 1848 (2015) 2942–2951cAMP cocktail [18] that (beside the discrepancy) supports the assump-
tion of complementary effects.
Apart from the discussion of whether or not the CFTR requires pre-
activation to become a mechanosensitive channel, it is likely that in-
creased cell volume induces mechanical activation of CFTR. The activa-
tion is unlikely to arise due to osmotic effects since injection of
solutions with different compositions and osmolarities did not affect
the injection-induced CFTR responses. Mechanical interferences caused
by insertion of the injection capillary may alter cAMP or ATP concentra-
tions that could subsequently change CFTR activity can also be excluded.
Impalement of the capillary without injection resulted in much smaller
FI responses compared with those that were injected (Fig. 1C, D).
Increased hCFTR currents with/after injection could be caused by an
increased membrane abundance of CFTR proteins originated from CFTR
containing vesicles that are stored below the plasmamembrane [49,50].
Insertion of CFTR into the membrane can be initiated by mechanical
stimuli that trigger the elevation of intracellular Ca2+ concentrations
and/or the production of cAMP. Both, changes of Ca2+ and cAMP can in-
crease membrane trafﬁcking in response to mechanical stimuli [51] to
increase of CFTR insertion [49]. Since we could neither observe changes
of the cell capacitance, nor changes of ENaC-mediated currents (cAMP-
mediated trafﬁcking of ENaC is conﬁrmed [52,53]) in response to injec-
tion it is unlikely that an increased trafﬁcking/vesicle fusion is responsi-
ble for the observed increase CFTR activity. In addition, injection did not
affect the responses of endogenous hemichannels (suggested to be
activated by membrane strain in patch-clamp experiments [29]). An
injection-induced ATP release through endogenous channels or
expressed CFTR that can subsequently activate purinergic signaling to
activate CFTR is also unlikely. Although an endogenous adenosine re-
ceptor with weak afﬁnity for ATP was identiﬁed in Xenopus oocytes, ac-
tivation of this receptor was shown to activate Gi/o that blocks cAMP
production [54]. Activation of this receptor is expected to decrease the
CFTR responses. Last but not least, the CFTR response to injection in
the presence of FI (Fig. 2A) displayed a different kinetic compared
with the activation by FI via cAMP-dependent mechanisms. Injection
elicited amuch faster response that is unlikely to involve cAMPmediat-
ed activation of CFTR and in particular cAMP-induced exocytosis of CFTR
[49]. Taken together, the observations of this study identify a
mechanosensitive activation of CFTR in response to increased cell
volumes.
4.2. Cell volume-induced activation of ΔF508 and G551D hCFTR was not
altered compared to wild type hCFTR
We further hypothesized that the mechanosensitive response of
ΔF508 and G551D hCFTR could be negatively affected compared to
wild type hCFTR. A putative reduced mechano-sensitivity of the hCFTR
mutants may contribute to the pathogenesis of CF disease. Therefore
we investigated the effect of increased cell volumes on the activity of
two common hCFTR mutants, ΔF508 and G551D. Interestingly, ΔF508
and G551D hCFTR showed an increased activity after injection (Fig. 4)
that was comparable with the effect of wild type hCFTR. Our results in-
dicate that themechanosensitive response ofΔF508 andG551Dwasnot
affected compared with the wild type channel and that the mutations
do not affect the responsiveness of the channel to increased cell
volumes.
4.3. Hydrostatic pressure activates CFTR in lung epithelium
In Ussing chamber experiments an increased CFTR activity with HP
was observed without the external application of secretagogues
(Fig. 6). In these experiments a small CFTR activity was evident, before
HP was applied (note the small current decrease by GlyH in Fig. 6C)
supporting the suggestion that a basal activity is required to make
CFTR mechanosensitive. Application of HP by increasing the ﬂuid col-
umn about 5 cm and 10 cm is within physiologically relevantmagnitudes [55]. Zhang et al. [18] reported an increased CFTR activity
with 5 mmHg (cell attached recordings) that corresponds to approx.
7 cm ﬂuid column and is similar to the magnitudes used in our study.
It should be emphasized that in Xenopus pulmonary epithelium HP ini-
tiated identical results independent whether the ﬂuid column was in-
creased on the apical or basolateral side indicating the mechanical
response is uniform and not dependent on certain pressure gradients
(e.g. positive/negative pressure, [17]). Further, HPdoes not only activate
Cl− secretion but other ion channels aswell [17,27]. Itwas also observed
that the HP response in the Xenopus lung was associated with the re-
lease of ATP [27]. Considering that ATP release is triggered by mechan-
ical stimuli [12] and this can subsequently increase CFTR activity via
purinergic signaling [56,57] it could be suggested that the observed
CFTR activity is due tomechanical stimuli, rather than purinergic recep-
tors. Although purinergic receptors are present in Xenopus lung epithe-
lium [58], their involvement in the HP-induced CFTR activation is
unlikely since ATP did not affect the HP response [27]. However, from
our experiments it is still difﬁcult to prove that HP does activate CFTR
directly in Xenopus lung epithelium and to rule out secondary effects.
Nevertheless, the evidences from the Zhang study [18] with our obser-
vations in oocytes and lung epithelium provide strong arguments that
CFTR activity is regulated – in addition to various soluble factors – by
mechanical forces and membrane strain in particular.
Beside these experimental data more evidence for CFTR's mechano-
sensitivity emerges from a study of Solymosi and colleagues [59].
Solymosi et al. revealed the contribution of CFTR to the formation of car-
diogenic lung edema in rats, mice and rabbits [59]. Cardiogenic pulmo-
nary edema is associated with elevated hydrostatic stress in the lung,
caused by an increased pressure in the left atrium. With increased left
atrial pressure (15 cm ﬂuid column) an increased CFTR activity was ob-
served [59]. The increased alveolar CFTR activity was found to augment
Cl− secretion and ﬂuid inﬁltration into the alveolar space to promote
the formation of cardiogenic lung edema [59]. This example provides
further support for a pressure/strain-induced regulation of CFTR activity
and highlights its contribution to pathophysiological conditions.
4.4. Shear stress does not activated hCFTR
Shear stress (Ss) is the primarily mechanical stimulus in the airways
[55]. Increasing the perfusion rate and thereby inducing Ss is an
established strategy to activate heterologously expressed ion channels,
e.g. ENaC [25,44,60] as well as channels in native tissues (e.g. kidney tu-
bules [61]). In our study Ss of physiologically relevant magnitude
(approx. 1.3 dyn/cm2; [34] did not affect hCFTR activity. The results in-
dicate that Ss is not an adequate stimulus affecting hCFTR activity. It can
be hypothesized that large extracellular domains are required for the
sensation of Ss as it was indicated for ENaC [44,62,63]. Since the extra-
cellular domains of CFTR account only for a small portion (approx. 4%,
estimated by http://www.uniprot.org/uniprot/P13569) of the protein
this may explain the lack of Ss sensitivity.
5. Conclusions
This study revealed that CFTR Cl− channel activity is increased by
membrane strain in vitro and in a native pulmonary epithelium
supporting the conclusion that CFTR's activity is inﬂuenced bymechan-
ical force. It might be considered that mechanical strain alone does not
activate the channel and that pre-activation/stimulation is required to
enable mechanosensitive gating. In this case mechanical force could
be one factor among others (e.g. cAMP/PKA, ATP) that contributes to
the regulation of the channel's activity. Mechanosensitive regulation of
CFTR has far reaching implications for different physiological functions
that rely on CFTR activity. It might be mentioned that physical exercise
and breathing exercises are important for the treatment of CF [64]. It
could be hypothesized that these exercises provide more mechanical
stimuli to the pulmonary epithelium to recruit residual CFTR function
2950 C. Vitzthum et al. / Biochimica et Biophysica Acta 1848 (2015) 2942–2951in CF patients. An increased CFTR activity and Cl− secretion in response
to exercise might account for the improved removal of bronchial secre-
tions from the airways. This hypothesis is backed by our experiments
demonstrating that common CFTR mutations do not impair the ability
of the channels to respond to mechanical force. Future research is re-
quired to reveal the mechanisms how the CFTR activity is regulated by
mechanical force and membrane strain in particular.
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